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1. Introduction

This report summarizes the progress on our three-year program of research to refine the
measurement capability for satellite-based instruments that monitor ozone and other trace
species in the Earth's stratosphere and troposphere, to retrieve global distributions of
these and other constituents from the GOME and SCIAMACHY satellite instruments,
and to conduct scientific studies for the ILAS instruments. This continues our
involvements as a U.S. participant in GOME and SCIAMACHY since their inception,
and as a member of the ILAS-II Science Team. These programs have led to the launch of
the first satellite instrument specifically designed to measure height-resolved ozone,
including the tropospheric component (GOME), and the development of the first satellite
instrument that will measure tropospheric ozone simultaneously with NO,, CO, HCHO,
N;0, H,0, and CH, (SCIAMACHY). The GOME program now includes the GOME-2
instruments, to be launched on the Eumetsat Metop satellites, providing long-term
continuity in European measurements of global ozone that complement the measurements
of the TOMS, SBUV, OMI, OMPS instruments.

The research primarily focuses on two areas: Data analysis, including algorithm
development and validation studies that will improve the quality of retrieved data
products, in support for future field campaigns (to complement in situ and airborne
campaigns with satellite measurements), and scientific analyses to be interfaced to
atmospheric modeling studies.

2. Progress in Second Year of Studies

2.1 SCIAMACHY

The SCIAMACHY instrument was launched on the Envisat satellite on March 1, 2002.
At present, SCIAMACHY is still in the process of validation. We have been working

with the European Space Agency, through the SCIAMACHY Algorithm Development
and Data Usage subgroup (SADDU) of the SCIAMACHY Science Advisory Group




(SSAG), and the German Aerospace Center (DLR) to optimize the operational algorithms
for validation and eventual data product release. We have also participated in the 2004
Atmospheric Chemistry Validation of Envisat 2 workshop and the 2004 Envisat and ERS
Symposium, as well as normal SCIAMACHY meetings.

2.1.1 Algorithm studies

For limb scattering retrievals, an algorithm has been developed to determine cloud top
height; it can also provide some information on cloud type. The two brightest
wavelengths in channel 6 at the lowest (positive) tangent height (TH) are selected from a
given limb scan. These wavelengths are assumed to be non-absorbing and are generally
near 1.2 um. For clear sky conditions, the limb radiance generally increases with
decreasing tangent height for these optically thin wavelengths. The cloud top height (if
any) is determined by finding the TH corresponding to the maximum in the limb radiance
profile at these wavelengths since cloud scattering dominates the signal. The retrieved
cloud top height defines the lower altitude of the gas concentration profile retrieval if it is
greater than the default lower altitude limit of the retrieval. By default, NO, and BrO are
retrieved down to ~11 km and OCIO is retrieved down to 15 km, so the cloud top height
determination is important in tropical profile retrievals where towering clouds can often
reach 17 km (see Figure 1).

Figure 1. Limb radiance profile at ~1.2 pm observed at 20° S, 38° W in the presence of towering

cumulonimbus (Cb) and at 4° N, 44° E (over arid Somalia) in the absence of such clouds on 6 March
2003.

Wavelength calibration
The wavelength calibration method using cross-correlation with a high-resolution

Fraunhofer spectrum we introduced for GOME [Caspar and Chance, 1997] is fully
implemented for SCCAMACHY at the German Processing and Archiving Centre



(DPAC), for use as a backup for wavelength calibration in case the line calibration lamp
fails.

We have taken a standard ATMOS solar reference spectrum, which covers the
SCIAMACHY Channel 8 (infrared; CO and N,O channel), recalibrated it in absolute
wavelength to 0.002 cm™' (0.001 nm, or 0.01 SCIAMACHY pixel) using solar CO lines,
and supplied it with software to convolve to SCIAMACHY spectral resolution. This solar
spectrum is now being used for wavelength calibration as well as for determining
undersampling in SCIAMACHY channel 8 (see Spectral and spatial sampling tests,
below) and to improve the slit function determination as was done previously in the UV-
visible (see above reference). The major use at present is in optimizing the fitting
algorithm for determination of CO.

Spectral and spatial sampling tests

We initially determined the undersampling correction for the GOME instrument {Chance,
1998] and, with DLR colleagues, improved it for application to SCLAMACHY [Slijkhuis
et al., 1999]. We have finished conducting a rigorous analytical study of spectral
undersampling which will apply directly to SCIAMACHY, the GOME instruments,
OMLI, and OMPS (and, presumably, other instruments as well). [Chance er al., 2004a]
This improves the correction for undersampling for all of these instruments, and puts it
on a firmer theoretical basis. The paper, “Undersampling Correction for Array Detector-
Based Satellite Spectrometers, ” is included as Appendix A to this report.

Ring effect studies

We have supplied Ring effect correction spectra to the DLR for use in operational
processing of both limb and nadir spectra. In preparation for ozone profile retrievals from
high spatial resolution nadir spectra from SCIAMACHY, we have developed a fast real-
time Ring effect correction. Further radiometric calibration of the channel 1 and 2
radiance and irradiance is required before realistic ozone profile retrievals will result
from the algorithm developed by Liu e al. [2004] (Appendix B of this report), as applied
to GOME data. The Ring effect is not treated in the forward radiative transfer model
LIDORT of the retrieval algorithm. A version of LIDORT which accounts for first-order
RRS in a multi-layer multiply-scattering atmosphere is available, but it is not preferred
because of its high computation cost. Instead, a Ring spectrum is obtained on-line by
modeling the first-order RRS of the direct beam [Sioris and Evans, 2000] for the same
atmosphere used in the retrieval, accounting for the RRS dependence on viewing
geometry and atmospheric ozone and temperature profiles. The Ring spectrum is updated
when total O; changes by 20 DU from the previous iteration, with the zero™ iteration
being the a priori O; profile. Because multiple scattering is not considered in this model,
a scaling parameter is fitted in the retrieval from channel 1 and a 2™ order polynomial
scaling is required in channel 2 to account for the large variation in multiple scattering
effects especially in the Huggins bands because of the competition between ozone
absorption and Rayleigh scattering. We use the actual SCIAMACHY measured solar
irradiance instead of a high-resolution reference spectrum because it can reduce the




fitting residual slightly. The Ring spectrum is calculated for a clear-sky atmosphere with
an albedo of 0. This Ring model reduces the fitting residual by 15-25% relative to the
approach of Chance and Spurr [1997] and increases the DFS by ~0.4 by reducing
correlations between the ozone absorption and the filling-in of the ozone lines by
rotational Raman scattering. In addition, this on-line Ring calculation is relatively fast,
taking negligible computational time compared to forward model calculations with the
inelastic version of LIDORT.

Database improvement

We have implemented a full set of UV /visible cross sections to be included HITRAN, as
described in Orphal and Chance [2003]; Rothman et al. [2003]; Rinsland et al. [2003].

2.1.2 Scientific studies

We have provided additional recommendations to the DLR for the SCIAMACHY level
1-2 processing baseline and have performed studies to optimize the operational
processing algorithm for several species, including CO (in progress), HCHO (in
progress), limb NO, (complete last year), limb BrO (complete last year), and limb OCIO
(in progress).

We have implemented improved methods to determine limb pointing, by using
comparisons of measured and modeled “knees” in the limb scattered light, including the
use of multiple knees at different wavelengths, and the knee at 305 nm [Sioris et al.,
2003]. These approaches have been found to identify and correct for inaccurate pointing
information supplied by the satellite to on the order of 300 meters. We have detected the
daily drift in pointing which occurs due to an inaccurate on-board orbit model of satellite
position and pitch. The drift amounts to 200-300 m per complete orbit. We have also
observed the sudden adjustment of SCIAMACHY’s pointing which occurs when the
orbit model is updated daily near Australia, correcting the >1 km drift which has
accumulated over several orbits. We have been able to verify that improvements to the
pointing software implemented by ESA have been successful in reducing the pointing
drift and also have reduced the scan-to-scan variability of the pointing offset. We find
that there is no substantial latitudinal dependence to the pointing on the dayside of the
orbit although ESA believes there is a latitudinal dependence of ~800 m amplitude.

We have continued studies (under separate funding) to develop tropospheric data
products from SCIAMACHY. We have retrieved tropospheric NO, with the limb-nadir
matching technique {Sioris et al., 2004]. The stratospheric (and occasionally upper
tropospheric) NO; profile is retrieved down to:

1. cloud top, or
2. the vertical (2-km) layer below which the uncertainty of the integrated vertical

profile above due to including the underlying layer is larger than the resulting
increase to the vertical column density.




SCIAMACHY Troposphéric NO, (10" molec ém®) .

Figure 2. Tropospheric NO, derived from SCIAMACHY spectra measured during the 2004 ICART
campaign. Top: global tropospheric NO,. Bottom: Detailed map for North America.

The profile retrieval range is typically 15-41 km. Global retrievals of tropospheric NO,
continue, with large columns measured over urban centers, and various other sources
readily measurable. Figure 2 is an example of global determination of tropospheric NO,,
and a blow-up of the North American tropospheric NO, distribution, during the 2004




International Consortium for Atmospheric Research on Transport and Transformation
(ICARTT) campaign.

Tropospheric HCHO determinations are lagging, compared to those from our work on
GOME data, because of the need to fully implement improved characterization of the
polarization sensitivity into the Level 0-1 algorithm at the operational facility, which has
not yet been completed. Preliminary results have been presented at the 2004 COSPAR
meeting [Chance et al., 2004b].

CO determination is in progress in collaboration with the Space Research Organization of
the Netherlands (SRON). SRON has implemented dark current correction in
SCIAMACHY Channel 8 on a per-orbit basis, as well as a dynamic dead- and bad-pixel
map. SAO is using their improved calibration to refine the fitting for CO.
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Figure 3. Tropospheric ozone derived from GOME spectra for September 1997. The analysis
method, is described in Liu ef al. 2004.

2.2 GOME Studies

We continue to work with the European Space Agency and Eumetsat, through the GOME
Science Advisory Group (GSAG), and the German Aerospace Center (DLR) to optimize
the operational algorithms for GOME-2. In particular, we have supplied reference cross
section as implemented in HITRAN for use in GOME-2 processing, and have further
generalized the method of Fraunhofer cross-correlation for wavelength calibration for use
in GOME-2. We continue to participate in GSAG meetings.

Processing and archiving of GOME-1 spectra for BrO, O3, and HCHO continues. Results
are currently available through September 2004. Scientific studies continue under




separate funding [Palmer ef al., 2003; Martin er al., 2003; Abbot ef al., 2003; Zeng et al.,
2003; Jaeglé et al., 2004; Martin et al., 2004].

Substantial progress has been made, under separate funding, on the global determination
of tropospheric ozone from GOME-1 measurements [Liu ef al., 2004; Chance et al.,
2004c]. The Liu ef al., 2004 paper is included here as Appendix B. Figure 3 shows our
global retrieval of tropospheric ozone from GOME spectra for the month of September
1997.
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Figure 4. NO; and O; profiles from ILAS-II, and SAGE-IIL. Profiles from the POAM-11I operational
data product, are included for comparison.

ILAS-II work this year focused on first comparisons of NO; vertical profiles from ILAS-
11 with profiles retrieved from SAGE-III, OSIRIS, and SCIAMACHY. The lack of well
calibrated SCIAMACHY measurements, and the unfortunate termination of the ILAS-II
mission due to the failure of the ADEOS-II satellite on day 300 of 2003 were Limiting
factors in these comparisons.

(a) ILAS-TI —- SCIAMACHY Spatial Coincidences

Comparisons between ILAS-II and SCIAMACHY can be made using both
SCIAMACHY solar occultation (northern hemisphere) and limb (northern and southern
hemisphere) measurements. SCIAMACHY does not perform any solar occultation



measurements in the southern hemisphere, but rather observes in lunar occultation
whenever possible. At the time of the study, comparisons involving SCIAMACHY were
limited by the unavailability of well-calibrated data products. Comparisons were also
restricted to limb observations (no SCIAMACHY occultation measurements were
available), all of which occurred at high solar zenith angles around 97° and so prevented
their processing with our limb scatter retrieval program.

A large number of coincidences between ILAS-II and SCIAMACHY (including both
limb and solar occultation) can be expected within 4-5° latitude, 12° longitude, and 1 h in
time. Restricting observations to a temporal coincidence of 60 min or less, the average
difference in observation latitude in April 2003 between ILAS-II and SCIAMACHY was
4.53°.

(b) Comparisons of ILAS-II NO; and O; Profiles with SAGE-III and OSIRIS

The four plots in Figure 4 show profiles of NO; and Os from ILAS-II, and SAGE-III.
They also contain profiles from the POAM-III operational data product, which were
included for comparison.

This first and preliminary comparison indicates that version 1.00 of the ILAS-II data
product is accurately retrieving O3, while NO; seems systematically underestimated
compared to the other sensors.

3. Schedule for Third Year
SCIAMACHY Studies

Algorithm studies
¢ Cloud correction
e Ring effect studies

Scientific studies
e Tropospheric NO,, HCHO, CO, CH,4, CO,, and N,O
e Polar stratospheric cloud measurements

Ongoing GOME-2 studies
Ongoing ILAS-II studies
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Undersampling Correction for Array Detector-Based

Satellite Spectrometers

Kelly Chance, Thomas P. Kurosu, and Christopher E. Sioris

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA

Array detector-based instruments are now fundamental to measurements of ozone and
other atmospheric trace gases from space in the ultraviolet, visible, and infrared. The
present generation of such instruments suffers, to a greater or lesser degree, from
undersampling of the spectra, leading to difficulties in the analysis of atmospheric
radiances. We provide extended analysis of the undersampling suffered by modern satellite
spectrometers, which include GOME, SCIAMACHY, OMI, and OMPS. The analysis
includes basic undersampling, the effects of binning into separate detector pixels, and the
application of high-resolution Fraunhofer spectral data to correct for undersampling in

many useful cases.
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OCIS codes: 010.1280, 120.4570, 280.1120

1. Introduction

Array-based spectrometers used in atmospheric remote sensing can suffer substantially from

spectral undersampling, with negative consequences to the quality of data retrieved from the




measurements. This was first obvious in measurements from the Global Ozone Monitoring
Experiment (GOME),' where scientists fitting trace gases from GOME spectra found quite large
systematic fitting residuals, and large fitting errors, even after correcting for Doppler shifts
between radiances and irradiances. Ref. 2 recognized that this was mainly due to spectral
undersampling and presented a technique for correcting most (>90%) of the undersampling error
in spectral regions where atmospheric absorption effects are small. For GOME, this includes
fitting regions used for nitrogen dioxide (NO,), bromine monoxide (BrO), chlorine dioxide
(OCIO), and formaldehyde (HCHO). If used with caution, the technique can also be applied
successfully to Oz and SO,. (Caution is required because the absorption optical depths for O; are
higher than for the other trace species listed; correction assumes that, to first order, the radiance
spectrum consists mostly of back scattered Fraunhofer structure. The SO, absorption occurs in
the region where O; also absorbs strongly.) The technique consists of comparing fully-sampled
and undersampled versions of a high resolution Fraunhofer reference spe,ctrum,3 with the
difference being the effect of undersampling. Ref. 4 suggested that the observed residuals are
induced by the resampling required to compare Earth radiance and solar irradiance spectra in the
fitting, because they are measured with different Doppler shifts of the ERS-2 satellite with
respect to the sun. It is demonstrated here that this is not entirely the case: Wavelength shifts
between GOME radiances and irradiances are larger than can be accounted for by Doppler shifts.
Ref 4 also presented a version of the technique of Ref. 2 implemented in the Scanning Imaging
Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) operational processor.
The technique is now also used for measurement of HCHO’ and NOz,6 and has been
implemented in the operational processor for measurements of BrO, OClO, and HCHO by the

Ozone Monitoring Instrument (OMI).”



The present analysis improves on the previous understanding of correction for
undersampling by fully considering the sampling theorem in conjunction with the instrument slit
function. The analysis is applied to measurements by GOME and OMI, since they represent the
two major instrument types: diode array detectors (GOME) and CCD detectors (OMI). The
development applies as well to other instruments, including SCIAMACHY (diode array
detectors) and the Ozone Mapping and Profiler Suite (OMPS), part of the National Polar

Orbiting Environmental Satellite System (NPOESS), which uses CCD detectors.

2. Definitions and Assumptions

The spectrometers considered here use array detectors, which respond to the incoming light over
finite regions, with defined response profiles. We will use the term instrument line shape (ILS)
for the response of a spectrometer to a monochromatic source up to where it enters the array
detector, and the term instrument transfer function (ITF) for the ILS convolved with the detector
pixel response. The following properties are assumed to be valid over the region of the array
detector that is necessary to consider for ITFs and undersampling corrections at a given pixel, as
developed here.

1. Linear response. Each pixel responds linearly to input light intensity.

2. Equal pixel response. Pixels respond equally to photons of different wavelength. Pixels
respond (or can be calibrated to respond) equally in output signal for equal input light
intensity.

3. Linear dispersion. Pixel wavelengths are at equal increments.

4. No endpoint issues. The region under consideration is sufficiently far from the array end

for wavelengths beyond the array wavelength range to contribute to the signal.




(Proximity to the array end would require re-calculation of the ILS from deconvolution of
the ITF, as discussed below.)
5. Calibration light source issues. Instrument transfer functions (ITFs) are determined
using either:
e Lines with negligible spectral width or;
e A tunable source with negligible spectral width and equal intensity as it is tuned
over the ITF.
6. Slit width variation is negligible over the ITF centered at each particular wavelength.
Higher-order corrections will likely be needed in the future to account for the breakdown of

some of these assumptions.

3. Spectral Undersampling

Consider a wavelength range extending from Amin t0 Amg that is fully or partly sampled by an
array of detectors, spaced at wavelength increment d4. Any continuous incoming signal spectrum
extending over the wavelength range can be represented fully by expansion in spatial (i.e.,

wavelength) frequency in a Fourier series:

S(A)=a,+ 2[“& coskt +b, sinkt] = a, + i[ak cos(@ (A—-4,,)) +b sin(a, (A -4, )] a1
k=i k=1
(D
where
A=A, A=A,
— 2 min = 2” min R 2
' i ﬂ'ma.x —}'min M ( )

and the spatial frequencies are:

_ 27k

W === 3



Suppose that the signal is band-limited, that is, limited in content of spatial frequency

components to a maximum spatial frequency wm.. Then, by the sampling theorem,*’

the
information content of the spectrum is fully known if the spectrum is sampled over the full range

Amin 1O Amax to twice this maximum spatial frequency, 2wpmq (the Nyquist sampling frequency):

o 1
haddpe— 4
2 2w ®

max
In this case, the signal expansion includes only the terms necessary to measure spatial

frequencies < wax:

N
S(/1)=a0+2[ak coskt+b, sinkt], N =A—A. 5)
k=1 204

The spectrum is completely determined by this expansion. Its values at points other than the
sampled points can be determined using the fact that the value at each sampled point 4,
represents the intensity ¢, of a sampling function, sinc [27 (4, - 1) / 4], centered at that point,®

sin[27(A, = A)/ 4]

inc[2(A ~A)/ A= ’ ¢
sinel2m(d, = A)1ot] [272(4, —A)/ 6] (6)
plus the constant offset ap:
N -—
c,=S4)—a, = Z[ak coskt +b sinkt ], t = 27[(2."A/1 Ain) .
k=1

The sampling function is written here in this way to emphasize the pixel dependence and
orientation of the following discussion. The sampling function presented here is actually an
approximation to a fuller and more complex form,”'° but the difference amounts to a completely
negligible correction except within several sample points of the 4,,;» and Amqe €ndpoints.

If the signal is not band-limited to @, but is still sampled to only 2wma., spatial

frequencies greater than wma, are aliased into the band 0 < ® < Wmay, With signal information for




Omax < © X 2@ pmqx APpEAnng at Wma, — w, information for 2wma < @ < 3wWnma, appearing at @ —
2Wpmax, etc. (Ref. 9, pp. 16-18). It will be demonstrated later that information aliased from the
spatial frequency band @Wmax < @ < 2wmax represents the most important sources of problems for
GOME, and the main target of corrections. Problems from aliasing in the spectra become most
evident when it becomes necessary to resample a spectrum in wavelength, for example when
comparing an atmospheric radiance spectrum with a solar irradiance spectrum to determine
atmospheric composition from molecular absorption lines, but the interference from aliasing is
present in any case when the spectrum is undersampled (i.e., the spectrum is not fully Nyquist
sampled). For example, synthetic spectra calculated during the fitting process to determine
abundances of atmospheric gases would not normally include aliasing, while the measured
spectra would.

A Nyquist-sampled spectrum § (4) is fully described by summing over the contributions

from the m individual sample points:

SA)=¢, + ic,. sinc[27(A — A)/ 6A). 8)

i=1
It is now possible to investigate the case where the spectrum is not fully Nyquist sampled.
Consider a spectrum input to the instrument S;,, (A). If the spectrum is completely known a

priori, it can be expanded as before in a Fourier series
S.o(A)=a,+ Y [a, coskt +b, sin kt]. 9)
k=1

Sinp can be separated into a Nyquist-sampled part, S,,,, containing only spatial frequencies <

Wmax, and an undersampled part, Syng:

N
S, (A)=a,+ Y [a, coskt + b, sin kt], (102)
k=1



S (A) = i [a, coskt +b, sin ke, (10b)

k=N+1

The undersampled part of the spectrum is thus

np

Suwa(A)=8,,(A)- ic,. sinc[27(4, —A)/ 6A) - c,,
i=1

(1)

where m runs over the sampled points.

4. Slit Functions (Instrument Transfer Functions)

An ITF serves as a low-pass filter to limit the spatial frequency content of the spectrum. Ideally,
an ITF would limit the spectral information to frequencies < .. The ITFs for satellite-based
spectrometers are measured in one of three manners:

1. By using a reference line lamp (often a PtNeCr lamp''). This method has the advantage
that lamp lines are much narrower than the ITF. The disadvantages are that lines are not
always completely separated, that spectral coverage may be inadequate in some regions,
and that a set of points (one per detector pixel) is mapped out, rather than a continuous
ITF. This method was used for GOME and SCIAMACHY.

2. By using a tunable source consisting of a broadband light source and a monochromatof.
This method has the advantage of mapping out a continuous ITF, but the disadvantage of
being a spectrally broader source than the PtNeCr line source. This method was used for
OMI, where the full-width at half-maximum (FWHM) of the source was < 0.1 OMI
detector pixel (M. Dobber and R. Dirksen, private communication, 2003). The residual

effects from finite source width could, in principle, be reduced using the deconvolution

techniques introduced below.




3. By fitting flight spectral irradiance data to a high-resolution solar reference spectrum,’
where the fitting includes wavelength adjustment and simultaneous fitting to a
paramecterized ITF.2"?

An ITF, I" (4), can be expanded to include Nyquist-sampled and undersampled portions, ignoring

(for now) detector pixel binning:

b
T(A) =y, + 3. 7,sinc[27(4, = A)/ 821+ T, (A). (12)

The limits a and b are selected to include portions of the detector array where the slit function
contributes significantly. As examples, we show the Gaussian GOME ITF we normally use for
wavelength calibration purposes. A more complex, compound hypergeometric, ITF was
determined during the instrument characterization.’> We find that the Gaussian spectrum
provides better wavelength calibration for GOME spectra, and is used routinely in our data
analyses. It also provides much better undersampling correction for GOME spectral fitting. We
show an OMI ITF (M. Dobber and R. Dirksen, private communication, 2003) for this same
wavelength region, and for the NO, fitting region (405-465 nm; the ITF determined at 432 nm is
used here). The OMI ITFs are selected for CCD row 150, corresponding to a viewing azimuth
angle of 29.5°, about half way from the nadir view to the extremity of the OMI swath. Additional
types of ITFs for OMI may be considered once there is flight data for comparison. For all ITFs
shown in this section, the complication of binning over the detector pixel response function is not
yet included. This will be discussed in a later section.

Figure 1 shows the GOME Gaussian ITF, determined from ERS-2 orbit 81003031
(October 3, 1998), used here as a test orbit for determination of undersampling correction,
appropriate to the fitting window used for BrO retrieval in GOME.” The FWHM of the ITF is

0.160 nm, and there are 1.4 samples per FWHM in this region of GOME spectra. The ITF is



additionally decomposed into fully-sampled and undersampled components. Figure 2 shows this
ITF with the hypothetical sampling to twice the GOME sampling frequency. Figure 3 shows the
OMI ITF for this same wavelength region (FWHM = 0.421 nm, 2.8 samples per FWHM), and its
decomposition into fully-sampled and undersampled components. Figure 4 shows this ITF with
the hypothetical sampling to twice the OMI sampling frequency. Figures 5 and 6 show the OMI
ITFs and decompositions for the NO; fitting wavelength range (FWHM = 0.639 nm, 3.0 samples
per FWHM). Note the asymmetry in the measured OMI ITFs and their decompositions.

It is clear from all three examples that higher sampling by a factor of 2 greatly decreases
the undersampled portion of the ITF, almost eliminating undersampling. Since for GOME this
corresponds to 2.8 samples per FWHM, this demonstrates that information aliased from the
spatial frequency band W < @ £ 2wmax represents the most important source of undersampling

in this spectral region.

5. Binning into Detector Pixels
GOME and SCIAMACHY use Reticon-S RL-1024 SRU-type linear diode array detectors, which
are designed to have the sensitivity profiles shown in Figure 7 for the spectral resolution and
sampling of GOME. These detectors have 1024 photodiode elements spaced at 25 um. The
center 13 um of each element is n-doped, with the bulk of the material p-doped, to generate the
response profile shown (the newer Reticon-L detectors are also spaced at 25 pum, but with 19 um
n-doped regions and 6 um interdiode gaps).

Characterization of the actual pixel responses must take into account the fact that the
input light source (mostly Fraunhofer spectrum, convolved with the ILS) varies significantly

across the detector pixel profile. The final response is the integral across the pixel profile of the

convolution of the input spectrum with the ILS:




R, (A)= | S(A)®T(A-A)A, (13)
projile
where R, is the pixel response, S is the input spectrum, I' is the ILS, and ® denotes convolution.
In order to calculate the response, it is first necessary to obtain the ILS by deconvolution, since
the measured ITF is the convolution of the ILS with the pixel response profile. This is
accomplished using the Jansson method, as described in Ref. 14, for GOME, and a nonlinear
least squares fitting to a parameterized profile shape for OMI. The result for the GOME slit
function is shown in Figure 8. The deconvolved slit is the best match to the ILS that could be
obtained in the iterative deconvolution process. The difference between the initial and
reconvolved slit is an indicator of the goodness-of-fit for this procedure. The response functions
for the OMI CCD detectors are Gaussian with a full-width at half maximum of 25 um and
sepafated by 22.5 um (M. Dobber and R. Dirksen, private communication, 2003). Figures 9 and
10 show these along with the decomposition to determine the ILS for the BrO and NO, fitting

regions of OML

6. Undersampling Correction

6.1 Wavelength calibration issues

Satellite radiances and irradiances can be calibrated in wavelength with high absolute accuracy
(typically <0.0004 nm for the GOME BrO fitting region) using cross-correlation to the solar
spectrum of Ref. 3, with simultaneous fitting of the ITF.>'? Ref. 2 suggested that the apparent
wavelength shift between GOME radiances and irradiances was due to instrumental effects,
influencing the way the detectors are illuminated in the different measuring geometries. Ref. 4

stated that it is due to the Doppler effect, since irradiances are obtained during the portion of the
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orbit when the satellite is moving toward the sun. For ERS-2 orbit 81003031, the maximum
velocity toward the sun is 7.46 km s", while the average wavelength shift (irradiance — radiance)
for the BrO fitting window is equivalent to 7.86510.025 km s (0.00923+0.00003 nm). The
satellite Doppler shift contributes 6.89 km s' (0.0081 nm), rather than the full 7.46 kms™', given
the GOME solar measurement procedure.® There is an additional component of 0.50 km s at
this season from the ellipticity of the Earth’s orbit, for a total Doppler shift of 7.39 km s,
leaving a significant instrument and/or spectral component (see the discussion in Ref. 15 for
possible spectral “tilt” contributions). For the other spectrometers considered here, the relative
contributions are not yet determined. For OMI in particular, since its undersampling is calculated
here, a relative shift equal to the full Doppler shift is assumed; this will be modified when flight

data become available.

6.2 Undersampling calculations

Calculation of the undersampling correction for each case is accomplished by convolving the
high spectral resolution (0.01 nm) solar reference spectrum of Ref. 3 with the ITF determined for
the instrument and wavelength region, and differencing fully-sampled and undersampled

representations of this convolved solar spectrum at the sampling grid of the satellite radiances:
I. Convolve the high resolution solar reference spectrum E,,s with the satellite instrument
ITF to create a lower spectral resolution, but highly oversampled, solar reference

spectrum, Eo,,,:

E,oW)= [ E ()®IFA-1)dA. (14)

profile
The portion of E,r used in fitting BrO for GOME is shown in Figure 11, top panel; E,,.,

for this spectral region is shown in Figure 11, middle panel.
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2. Determine from direct cross-correlation (for GOME) or estimate (for OMI) the
wavelength grids for irradiance and radiance spectra g;,, and g,44.

3. Sample E,.., at the wavelength grid g, to give E,,, and at the grid g4, to give E 4,
using cubic spline interpolation"’ to determine values at each exact grid point. These are
now undersampled representations of the solar reference spectrum, although each is
correct at the points on its sampling grid. E;,, is shown in Figure 11, bottom panel; E,,; is
virtually indistinguishable when over-plotted.

4. Resample E;,, to the wavelength grid g,.4, using cubic spline interpolation, giving E 44.

5. The undersampling correction C,, in optical thickness units, is the difference between
Eraa and E 54, normalized to the average of E,, over the fitting window:

Erad (,l)_- E:nd (/1) .

rad

C.A= (15)

C, corresponds to differencing fully-sampled and undersampled representations of the convolved
solar spectrum since only E;, is resampled, thus inducing undersampling error on the radiance
wavelength gnd g,,;. This undersampling correction assumes that, to first order, the radiance
spectrum consists mostly of back scattered Fraunhofer structure. Higher-order corrections could
be made to account for atmospheric absorption and the Ring effect. Figure 12 shows the
residuals from fitting for BrO (without the use of an undersampling spectrum as a basis function)
in ERS-2 orbit 81003031 for a measurement pixel midway through the orbit (pixel 800) and as
an orbit average (top panel); the bottom panel. shows the undersampling C, calculated here for
the average relative wavelength shift between irradiance and radiance fitted for this orbit (0.0092
nm). The calculated undersampling correction accounts for more than 90% of the fitting
residuals. Figure 13, top panel, shows the undersampling calculated for the OMI baseline BrO

fitting window, assuming a relative radiance-irradiance shift corresponding to the full Doppler
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shift for the Aura orbit (7.5 km s™'). The bottom panel shows the absorption for a typical BrO
slant column density of 1x10'* cm™ The units (optical thickness and transmission) are
equivalent in scale for these small interferences and absorptions. The undersampling correction
is roughly an order of magnitude smaller than for GOME, but is still larger than the BrO
absorption and needs to be carefully included in the fitting of the satellite data. Figure 14, top
panel, shows the undersampling calculated for the OMI baseline NO;, fitting window, assuming a
relative radiance-irradiance shift corresponding to the full Doppler shift for the Aura orbit. The
bottom panel shows the absorption for a typical NO, North American summer slant column
density of 1.25x10' cm. The contribution is less severe but, at ca. 20% of the nominal NO,
signal, it is still by no means negligible. Undersampling correction will very likely need to be
included in order to derive meaningful tropospheric NO; abundances from OMI measurements.
Under heavily polluted conditions over North America in summertime, for example, the
tropospheric contribution to the NO, slant column usually does not exceed 40%.° Effective
monitoring of moderate pollution requires correction to substantially better than that level.

An attempt was made to improve the undersampling correction for GOME by calculation of
the undersampling spectrum for the deconvolved ILS, followed by convolution of the resulting
spectrum with the Reticon response function. The result of this procedure was expected to be an
improved undersampling correction which would correspond even more closely to the GOME
fitting residual, as shown in Figure 12, top panel. The actual result was substantially worse. The
magnitude was approximately correct, but the spectral details were not. We think that the reason
is that the actual detector response function deviates considerably from the trapezoidal shape
shown in Figure 7. For the present, at least, the best undersampling corrections continue to be

those determined using the entire ITF. These are shown in Figures 12, 13, and 14. When OMI
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flight data become available, this procedure will be attempted to see whether it provides

improved undcrsampling correction for this case.

7. Discussion and Conclusions

We provide a method that may be used to simply and reliably estimate the degree of
undersampling an instrument configuration will have. For instruments where the ITF may be
approximated as Gaussian (GOME), we show that sampling at 2.8 pixels/FWHM will almost
completely eliminate undersampling. For more complex ITFs (OMI), significant undersampling
can exist at 3.0 pixels/FWHM.

Undersampling for ground-based, zenith-sky spectrometers has been discussed in Ref. 17
in the context of measuring O3, NO,, and NO;. On the basis of numerical experiments, it is
recommend to use sampling ratios between 4.5 and 6.5 pixels’FWHM, for Gaussian ITFs, to
avoid undersampling. This is consistent with our finding that for OMI NO, measurements
undersampling will be significant, and will highly impact tropospheric NO; measurements, at 3.0
pixels/FWHM, but that at 6.0 pixelssFWHM it becomes negligible. The improvement in
undersampling of OMI over that of GOME is due to the higher sampling rates (2.8 and 3.0
samples per FWHM for the OMI UV and visible examples versus 1.4 for the GOME UV
example). Asymmetric ITFs such as those of OMI and perhaps other imaging spectrometers may
require higher sampling ratios than symmetric ITFs.

The previously developed undersampling correction™ is now commonly used in GOME
scientific analyses and has been implemented operationally for SCIAMACHY. It has been
demonstrated here that correction will be required for OMI BrO and tropospheric NO,

measurements, at least. Complete implementation will not be possible until the ITFs and

14



irradiance-radiance wavelength shifts are characterized in flight versus CCD row. A similar
conclusion almost certainly applies to the OMPS instruments.

Further refinement of the undersampling correction for OM]I, to include full averaging of
the solar spectrum over the ILS and convolution with the pixel response is currently in progress,
to be ready for application to flight spectra. For GOME, this further refinement has been shown
not to be an improvement, likely due to incorrect characterization of the Reticon response
function. Convolution with the ITF followed by the sampling procedure described above in
Undersampling calculations provides very accurate correction.

Higher order corrections for instrumental effects, such as uneven sampling in wavelength
space, and spectroscopic effects, such as atmospheric absorption and the Ring effect, may

eventually be developed if analysis of flight data indicates that they are warranted.
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Figure Captions

Fig. 1 GOME Gaussian instrument transfer function in the spectral region used for bromine
monoxide determinations, and its decomposition into Nyquist-sampled and undersampled
components. -

Fig. 2 GOME Gaussian instrument transfer function and the Nyquist-sampled and undersampled
portions for the hypothetical case where the slit function is sampled to twice the GOME
spatial frequency.

Fig. 3 OMI instrument transfer function for the BrO fitting region and the Nyquist-sampled and
undersampled portions.

Fig. 4 OMI instrument transfer function for the BrO fitting region and the Nyquist-sampled and
undersampled portions for the hypothetical case where the slit function is sampled to twice
the OMI spatial frequency.

Fig. 5 OMI instrument transfer function for the NO; fitting region and the Nyquist-sampled and
undersampled portions.

Fig. 6 OMI instrument transfer function for the NO, fitting region and the Nyquist-sampled and
undersampled portions for the hypothetical case where the slit function is sampled to twice
the OMI spatial frequency.

Fig. 7 Response of three Reticon-S detector pixels as a function of location in GOME detector
channel 2.

Fig. 8 Deconvolution of the GOME ITF from the pixel response function to determine the ILS in
the BrO fitting region.

Fig. 9 Deconvolution of the OMI ITF from the pixel response function to determine the ILS in

the BrO fitting region.
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Fig. 10 Deconvolution of the OMI ITF from the pixel response function to determine the ILS in
the NO; fitting region.

Fig. 11 The portion of the high resolution solar reference spectrum E,. used in fitting BrO for
GOME (top); E,.s convolved with the GOME ITF to create the lower spectral resolution, but
highly oversampled, solar reference spectrum, E,,., (middle); E,... sampled at the wavelength
grid of the GOME irradiance (E;,) (bottom). E;, and E,,s (not plotted here; see text) are
undersampled representations of the solar reference spectrum.

Fig. 12 Residuals from fitting GOME spectra for BrO in ERS-2 orbit 81003031, for a single
spectrum and as an average for all spectra in the orbit (top); Synthetic undersampling, C,,
calculated here for the relative wavelength shift between the GOME irradiance and the
GOME radiance (bottom).

Fig. 13 Synthetic OMI undersampling, C,, in the BrO fitting region, calculated here for a relative
wavelength shift of the irradiance and radiance corresponding to 7.5 km s™ (top); absorption
for a typical BrO slant column density of 1x10" cm (bottom).

Fig. 14 Synthetic OMI undersampling, C,, in the NO, fitting region, calculated here for a relative
wavelength shift of the irradiance and radiance corresponding to 7.5 km s™ (top); absorption

for a typical NO, slant column density of 1.25x10'® cm? (bottom).
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ABSTRACT

Ozone profiles are derived from backscattered radiances in
memmwolammmm)wedbyﬁemdn
viewing Global Ozone Monitoring Experiment using
optimal estimation. Tropospheric O, is directly retrieved
with the tropopausc as one of the retrieval levels. To
opnnuzeﬁxe:wwvdmdmpmveﬂleﬁmngpmmsmn
needed for tropospheric Os, perform extensive
wavelength and radiometric mhbunons and improve
forward mode! inputs. Retrieved O; profiles and
tropospheric O; agree well with coincident ozonesonde
measurements, and the integrated total O; agrees very well
with Earth Probe TOMS and Dobson/Brewer total O;. The
g!obald:smhnmnoftmposphuwmdudyshowsd)e
influences of biomass buming, couvection, and air
pollution, and is generally comsistent wiht our current
understanding.

1. INTRODUCTION

The retrieval of O, profile including the from
Global Ozone Momtonng Experiment (GOME) Im been
demonstrated in recent years using

approaches [1-4]. These algorithms require very accurate
radiometric and wavelength calibrations, and accurate
modeling of the atmosphere other than O, including clouds,
acrosols, and temperature profiles.

calibrations, improves forward model inputs using our best
available knowledge, and derives O; profiles and
tropospheric O; from measured GOME radiances in the
ultraviolet. We validate the retrievals against ozonesonde,
Dobson/Brewer and TOMS measurements and present the
global distribution of tropospheric O,.

2. DATA AND METHODOLOGY

Ozone profile retricval from nadir spectra is an ill-
conditioned problem. Therefore, we choose the well-known
Optimal Estimation (OE) technique for inversion [5]. OE
uses available a priori knowledge to stabilize retrievals.
Because the information content from nadir-viewing spectra

is limited, using proper a priori climstology is important.
Wemeﬂ:eTOMSV8chmﬂologylsaprmmdapnon
variance. This climatology is month- and latitude-
dependent and is derived from Stratospheric Aerosol and
Gas Experiment (SAGE), Polar Ozone and Aerosol
Measurement (POAM), and ozonesonde observations [6]). A
correlation length of 6 km is used to construct the a priori
COVariance matrix.

We improve the wavelength and radiometric calibrations as
follows. (1) We derive variable slit widths, and shifits
between radiances/urradiances, st every 2-nm region with a
high-resolution solar reference spectrum [7}. (2) Shifts
between trace gas absorption cross-sections and radiances
ueﬁnedmlhclw'lewl. (3) We perform on-line correction
of the filling in of solar and telluric ion features
using Ring spectra calculated with a first-order rotational
Raman scattering model [8]. Ring spectra are updated when
total O; changes by 2 20 Dobson Units oU). @
Undersampling of GOME is comrected using a high-
resolution solar reference spectrum [9]. (S)Wemovcthe
polnmuonemmmGOMEmnmtSmgme

{10}
(http /'www knmi.nl/gome fd/gomecal/ ).

We improve characterization of the atmosphere with cloud
information from the GOME Cloud Retricval
[11], monthly mean SAGE II aerosols [12] and GEOS-
CHEM tropospheric acrosols [13]; daily European Ceatre
for Medium-Range Weather Forecasts (ECMWF)
temperature profiles (http://www.ecmwf.int) for extracting
tropospheric O; from the temperature-dependent Huggins
bands[l4],anddulysmﬁcep1mnﬁomN&omlCalus
Environmental Prediction/National Center for
Annosphenc Research (NCEP/NCAR) reanalysis data
(hitp://www.cdc.noaa.gov). Initial albedo is based on
derived GOME swrface albedo database {15]. Cloud
fraction is readjusted from measured reflectance at 370.02
nm where absorption is minimal.

The retrieval uses measurements in the windows 290-307
nm and 327-336 nm. Measurements below 290 nm are not
used because of large measurements errors and NO emission




lines. We also find that including band |b measurements
between 307 and 314 nm does not improve the retrievals
probably because of inconsistent calibration with band 1a
measurements. In addition, GOME slit function and
wavelength shifts vary rapidly at the beginning of band 2b
(312-327 nm), which makes it difficult to use them to
improve the retrievals. The spatial resolution of retrievals is
960 km x 80 km.

Partial columns are typically retrieved on an 1l-layer
Umkehr-like grid except in the troposphere, where retrieval
grids are modified using tropopause pressure and surface
pressure. Besides the O, variables, the state vector includes
an albedo parameter for band 1b, three albedo parameters
for band 2b to account for its wavelength-dependence, four
cross section shift parameters for each band, four
wavelength shift parameters for each band, scaling and shift
parameters for minor species (e.g., NO;, SO;, BrO), two
parameters for undersampling correction, one Ring scaling
parameter for band 1a, and three Ring scaling parameters for
band 2b to account for multiple scattering, and three
parameters to account for the degradation correction in band
la. The degradation parameters are used only in band 1a
because band la measurements are more severely degraded.
The total O; information from band 2b implicitly constrains
the degradation correction in band la.

We use LIDORT [16] to calculate radiances and weighting
functions. The scalar radiances from LIDORT are corrected
for neglecting polarization using a look up table.

The retrievals are compared with correlative TOMS V8 and
Dobson/Brewer total O; measurements and ozonesonde
observations. The equator crossing time difference between
TOMS and GOME is approximately one hour. We use the
gridded TOMS data (1.0° latitude x 1.25° longitude); all
TOMS measurements (~ 20 wvalues) within a GOME
footprint are averaged. The coincident criteria for Dobson
/Brewer and ozonesonde measurements are 1.5° degree in
latitude, 600 km in longitude, and 8 hours. Ozonesonde
measurements during 1996-2000 at 11 stations are used in
these studies (Table 1). Six stations also have total O,
measurements from the Dobson or Brewer measurements.

Table 1. List of ozonesonde stations (abbreviation name),
locations, the time period during which data are used, and the
availability and type of total O; (TOZ) measurements. The
measurements at Scoresbysund are obtained from Network for the
Detection of Stratospheric Change (NDSC,
hitp://www ndsc.ncep.noaa.gov). The measurements at Java are
obtained from M. Fujiwa before 1998 and from Southern
Hemisphere Additional Ozonesondes (SHADOZ) [17] since 1998.
Other data are obtained from World Ozone and Ultraviolet
Radiation Data Center (WOUDC,
http://www.woudc.org/index_e html).

Station (abbr.) Location Time TOZ
Ny Alesund (ny) 789°N, 11.9°E 9600 N/A’
Scoresbysund (sc) 70.5°N, 22.0°W 9600 N/A
Sodankyli(so) 67.4°N,26.E 9698  Brewer
Hohenpeiienberg (ho) 47.9°N,11.0°E =~ 96-00  Dobson
Hilo (hi) 19.6°N,155°W 9600  Dobson’
Nairobi (nr) 1.3°S, 36.8°E 97-00  Dobson®
Java (ja) 76°S,1122T°E 9600 N/A
Ascension (as) 8.0°S, 14.4°W 97-00 N/A
America Samoa (sa) 14.2°S,170.6°W 96-00 Dobson
Lauder (la) 45.0°S,169."E 9600 Dobson
Neumayer (ne) 70.7°S,8.3°W  96-00 N/A

1. Total O, is available only during 1996-1997 and is not used.

2.  The total O, is measured at a close station Mauna Loa (19.5°N,
155.6°E); its surface altitude is 3.4 km.

3. Total O is available only during 1997-1999.

3. RESULTS AND DISCUSSION
3.1. Comparisons with TOMS and Dobson/Brewer Total O,

Fig. 1. Comparisons of
integrated total O; (purple)
with  TOMS (red) and
Dobson total O; (green) at
Hohenpeifienberg. (a) Total
0;. (b) Difference between
GOME and TOMS. (¢)
Difference between
GOME/TOMS and Dobson.
The a pnon 03 is also
shown as yellow in (a).

Fig. 1a shows the time series of integrated total O, together
with TOMS and Dobson total O; at Hohenpeifenberg.
Their differences are shown in Fig. 1b and Fig. 1c. The
time series of differences do not change with time,
suggesting that band 2 measurements do not degrade much
and the severe degradation in band la since 1998 (3] are
well handled using the above-mentioned degradation
correction scheme. We can see that our retrievals agree very
well with both TOMS and Dobson total ozone with average
biases less than 4 DU. Table 2 shows the biases, standard
deviations, and correlation coefficients between our
retrieved, TOMS, and Dobson/Brewer total O;. The biases
are within 7 DU at all stations; the correlation coefficients
are greater than 0.92 between GOME and TOMS and
greater than 0.87 between GOME and Dobson/Brewer.
These biases are within the retrieval uncertainties of
different retrievals and the spatiotemporal variability of total
O;. Compared to the a priori, we can certainly see
significant improvements, with smaller biases and much
smaller standard deviations. The standard deviations are



smalier for comperisons with TOMS measurements because
of similar spatial domains. In the comparison with Dobson
measurements, we are comparing area vs. point
measurements; it is expected that the standard deviations
will be larger. We note that the standard deviations are
larger at higher latitudes because of larger spatiotemporal
varisbility. For example in Fig. ¢, there are a few large
differences, grester than 40 DU, between GOME/TOMS

lhan?mdﬂnti'mcdi&mmwﬂnn4hmn
There are large spatial gradients over this region for these
days as scen from TOMS data, suggesting that these large

differences result from the large spatiotemporal O
variability at mid-latitudes in the winter and early spring.

Table 2. Bisscs, standard deviations, and correlation coefficients
between GOME total O, and 4 priori/TOMS/Dobson/Brewer total
0;. The O; between retrieval surface (0 station surface altitude is
taken into account in the following comparisons. The units for

biases and standard deviations are DU.
GOMEA GOME- GOME-
Station Priovi TOMS Dobsen
By 233139066 3318309 NA
s -133040068 204680099 N/A
o  -293441053 004780099  -52£14.20.97
bo  -62430.60.66 27155099  39+13.9/0.94
hi 514131066 -23442097 08463095
o 134122022 -15448093  -2946.00.87
8 -13.4476062 -5.6£38092 NA/
- 184820059 024370094 NA
s -98483/054 -39434093 23442091
la  -854232/080 -36462/099 08+18.80.88
ne  -26.0:31085  -6.317.9/0.99 N/A

3.2. Comparisons of O; profiles with ozonesonde

Because ozonesonde measures O; only up to ~ 35 km, we
can only compare the bottom seven layers. We integrate the
ozonesonde profiles to partial columns at each layer
corresponding to their collocated GOME retrievals. In order
to assess the accuracy of the GOME retricvals, the
ozonesonde profiles are not oonvo!ved with retrieval
averaging kernels because contributes to retrieval
errors. Fig. 2 shows the comparison of retrieved O, profiles
with ozonesonde measurements at Hohenpeifienberg. We
can sec that the retrievals agree very well with ozonesonde
measurements. The average biases are within 2.5 DU and
10% at each layer (Fig. 3).

Fig. 3 shows the average biases and standard deviations
between retrieved/a priori profiles and ozonesonde profiles.
For Scoresbysund, Sodankyld, Hohenpeifenberg, and
Lauder, the i are very good with average biases
within 6 DU and 15% at each layer. The standard
deviations between retrievals and ozonesonde are usually

reduced relative to those between a priori and ozonesonde
0s.

{c) GOME-SONDE

Fig. 3. Mean biases (solid) and standard deviations (dashed) st ail
suﬁonsfor(a)GOME sonde, (b) GOME a priori — sonde. (c)

and (d) are similar 1o (a) and (b) except for relative biases and
standard deviations.

At Ny Alesund, there is generally good agreement except at
for layer 2 (~10-15 km), where the mean bias is —13 DU,
although the difference between a priori and ozonesonde is
much smaller (-2.6 DU). This difference is usually larger
during the spring than the summer, and is slightly correlated
with solar zenith angle (R=-0.24) and cloud fraction (R=-
0.34). The bias is probably duc to the incorrect assignment
of ice surface to clouds and is currently under investigation.
At Neumayer, large biases occur at layer 4 (~20-25 km)
with a mean bias of 10 DU. The relative bias can be greater
than 200%, especially when there is strong O, depletion and
the column O is less than 10 DU. The bias is partly due to
similar large bias in the a priori O;. For the five tropical
stations, the are within 5 DU and 10% for layers
5 and 6 and are within 4 DU and 30% for layers 0 and 1, but

large biases occur at layers 3, 4, and 5. Thompson et al. [17]



also reported large biases between TOMS and SHADOZ
integrated and evaluated total O;. Currently, our integrated
total O, columns agree very well with Dobson and TOMS
total O; columns. It is not clear whether these large biases
result from retrieval errors or ozonesonde measurement
errors.  We notice that the biases for those layers at
America Samoa and Hilo are actually much smaller before
early 1998, when sensor solution for measurements was
switched from 1% Kl-buffered solution to 2% Kl
unbuffered solution.

3.3 Comparisons of tropospheric O, with ozonesonde
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Fig. 4 Comparisons between GOME retrieved (purple circles) and
ozonesonde (green triangles) tropospheric O; columns at (a)
Hohenpeifienberg, (b) Hilo, (c) Java, (d) Ascension, and (e)
American Samoa. The a priori are also shown as yellow.

Fig. 4 compares the integrated tropospheric O; column at
five stations. We can see that our retrievals agree very well
with ozonesonde measurements. Most of the small-scale
variabilities are captured by our retrievals. For example, at
Java, although the a priori values are usually around 30 DU,
our retrievals successfully capture small values (~15 DU) as
well as enhanced values (~50 DU) during the period of
intense biomass burning resulting from 1997-1998 El Niflo
event. Table 3 summarizes the biases, standard deviations
and correlation coefficients at all the stations. The average
biases are usually within 3 DU and the standard deviations
are within 9 DU except at Ny Alesund, Scoresbysund, and
Neumayer, where there are large biases. The large biases at
those stations may result from the incorrect treatments of
cloud and ice surface. There is a large standard deviation at
Ascension Island, which is because the South Atlantic
Anomaly can largely affect the retrieval.

Table 3. Biases, standard deviations and correlation coefficients
between retrieved/a priori and ozonesonde tropospheric O;. The
units for biases and standard deviations are DU.

Station  GOME - SONDE A Priori - SONDE
ny -7.0+6.0/0.22 0.64+6.5/0.39
sc -3.5+5.5/0.46 2.6+6.2/0.61
so -2.0+5.4/0.59 2.746.1/0.59
ho 0.0+6.8/0.57 2.4+5.8/0.65
hi -2.4+£1.7/0.73 0.5+8.0/0.68
nr -3.0+8.0/0.42 -1.8+5.4/0.29
ja -1.4+4.8/0.86 5.848.2/0.47
as -1.31£9.3/0.52 -7.13+7.0/0.65
sa 0.6+5.3/0.68 5.0+6.3/0.45
la -1.4+6.4/0.10 -1.0+4.8/0.50
ne -4.7+6.6/0.78 2.244.1/0.92

The retrieval errors in tropospheric O; due to random noise
and smoothing are less than 3 DU for tropical regions and
less than 5 DU for mid-latitude regions. The accuracy in
ozonesonde measurements is 5-15% [18]. The natural
tropospheric O; variability is 20-30% at mid-latitudes [19];
the tropospheric O; can change by a factor of 3 at most
SHADOZ stations {20]. Considering the spatial and time
domain difference and the spatiotemporal variability of
tropospheric O3, we can say that our retrievals are very
consistent with ozonesonde measurements within the
measurement/retrieval uncertainties and spatiotemporal
variability.

3.4 Global distribution of tropospheric O,

Fig. 5§ (top) shows the giobal distribution of tropospheric
O; during 2/24-26/1997. In the tropics, there is low O;
over the Pacific Ocean, where there are intense convection
activities. Over North Africa (~0°E, 10°N), a region with
intense biomass burning during this period, there is
enhanced tropospheric O3, which is not presented in most
of the tropospheric O; retrievals [21]. However, the O3




values arc smaller than those over the South Atlantic
Ocean, consistent with the observed Atlantic tropospheric
paradox [22]. In the Antarctic, the tropospheric Oy is
consistently less than 15 DU. Nw30'Nand30'S which

0 photochemistry
pollution under favorablc weather
conditions. During 9/16-18/1997, the two bands of high O,
mg‘ti;elowO;oov’gPaclﬁcOcmwnthhghﬂymm
wi motion of intertropical convergence zone
There is cnbanced tropospheric O; over Indonesia,
consistent with the intense biomass burning and
meteorological conditions (e.g. dry air, less precipitation)
caused by the 1997-1998 El Nifio event. Over South
America, South Africa and the Atlantic Ocean, high O,
vﬂwsofMDUmuhﬁmnmbmmssb\mng
over South Africa and South America.

Fig. 5 Three-day composites of global distribution of tropospheric
0s. (a) 2/24-26/1997. (b) 9/16-18/1997. The noisy peticrns over
the South Atlantic Ocean are caused by the South Atlantic

Anomaly.
4. CONCLUSION

An algorithm was developed to retrieve O; profiles and
tropospheric O; from GOME using the optimal estimation
technique. We particularly focus on tropospheric O,

derivation by performing extended wavelength and
radiometric calibrations and improving forward model

inputs. Tropospheric O, is directly retrieved by using
tropopause as one of the retrieval layers. We validate our
retrievals against TOMS and Dobson/Brewer total Oy and
ozonesonde measurements at 11 high-latitude, mid-latitude,

average biases less than 7 DU. Retrieved O, profiles
genenally agree well with ozonesonde measurements except
somelngebusumd:em:tosphaeatNyAlenmd,

naglmmtofsmw/ieennfaecwclmﬂs. It is unclear
whether the large biases at those tropical stations are due to
ozonesonde measurement errors or our retricval errors.  The
retricved tropospheric O, columns agree very well
ozoncsonde measurements except at Ny Alesund and
Neumayer, capturing most of low and high O; in the
ozoncsonde measurements. Global distributions of
tropospheric O, are presented. They clearly shows signals
due to biomass buming, convection, air pollution, and
transport and are gencrally consistent with our current
knowledge and understanding.

Atmospheric
the Smithsonian Institution. We thank WOUDC and its data
providers, SHADOZ, NDSC, S.B. Anderson and M. Fujiwara for
providing ozoncsonde measurements. We aiso thank R. van Oss
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correction.
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